Melanie Derde, Francoise Nau, Valérie Lechevalier-Datin, Catherine Guérin-Dubiard, Gilles Paboeuf, et al.. Native lysozyme and dry-heated lysozyme interactions with membrane lipid monolayers: lateral reorganization of LPS monolayer, model of the E. coli outer membrane. Biochimica et Biophysica Acta: Biomembranes, Elsevier, 2015, 1848 2 ABSTRACT: Lysozyme is mainly described active against Gram-positive bacteria, but is also efficient against some Gram-negative species. Especially, it was recently demonstrated that lysozyme disrupts E. coli membranes. Moreover, dry-heating changes the physicochemical properties of the protein and increases the membrane activity of lysozyme. In order to elucidate the mode of insertion of lysozyme into the bacterial membrane, the interaction between lysozyme and a LPS monolayer mimicking the E. coli outer membrane has been investigated by tensiometry, ellipsometry, Brewster Angle Microscopy and Atomic Force Microscopy. It was thus established that lysozyme has a high affinity for the LPS monolayer, and is able to insert into the latter as long as polysaccharide moieties are present, causing reorganization of the LPS monolayer. Dry-heating increases the lysozyme affinity for the LPS monolayer and its insertion capacity; the resulting reorganization of the LPS monolayer is different and more drastic than with the native protein. Antibiotic resistance due to decades of misuse in human and veterinary medicine, is causing an 2 enormous public health problem. Several pathogens, such as Staphylococcus aureus and 3
9 then left to evaporate for 1 h. Then, a Langmuir-Blodgett transfer was performed onto freshly 110 cleaved mica plates at constant surface pressure by vertically raising (1 mm/min) the mica 111 through the air/liquid interface to obtain a sample of the initial LPS monolayer. The LPS 112 monolayer stability was assured during the Langmuir-Blodgett transfer allowing the injection of 113 lysozyme in the subphase. 114
Then, 0.1 µM lysozyme was injected in the subphase of the previously sampled LPS 115 monolayer with a Hamilton syringe. Surface pressure variations were recorded until a stable 116 surface pressure was reached (after ~1 h). Then, a second Langmuir-Blodgett transfer was 117 performed onto freshly cleaved mica as described above to obtain the sample of the LPS 118 monolayer after lysozyme interaction. 119 AFM imaging of Langmuir Blodgett films was performed in contact mode using a Pico-plus 120 atomic force microscope (Agilent Technologies, Phoenix, AZ) under ambient conditions with a 121 scanning area of 20x20 µm² and 5x5 µm². Topographic images were acquired using silicon 122 nitride tips on integral cantilevers. The forces were controlled along the imaging process. 123
Different zones of each sample were scanned; the images here shown are representative of the 124 whole samples. 125
RESULTS 126

Insertion capacity of lysozyme into a LPS monolayer. 127
The insertion capacity of N-L and DH-L into a LPS monolayer was determined by 128 independent tensiometry experiments at different protein concentrations. Insertion can be 129 detected by a surface pressure increase (Δπ = π final -π initial ). Here, lysozyme was injected under a 130 LPS monolayer with an initial surface pressure (π initial ) of 18 mN/m. Brewster angle microscopy (BAM) and ellipsometry were performed to visualize the LPS 210 monolayer organization on a µm-scale before and after lysozyme injection in the subphase. 211 BAM-images give information on the thickness and refraction index of the LPS monolayer. 212
Thick and/or high refraction index zones will appear lighter (white) than thin and low index 213 zones (black). Delta maps show the same information as the BAM images, but the differences in 214 height and/or refraction index are more precisely measured. Blue is the baseline color of the delta 215 maps and correspond to a small delta value. High delta zones will be represented from green till 216 red. 217
Before lysozyme injection, the LPS monolayer is heterogeneous, with black and white zones, 218 at both initial surface pressures (25 mN/m and 30 mN/m), as evidenced by BAM-imaging 219 (figures 5A and 5E). In the absence of literature references, the black colored zones are assumed 220 to correspond to LPS with short polysaccharide chains (low refractive index and low thickness), 221 while the white regions are assumed to correspond to LPS with long polysaccharide chains (high 222 refractive index and low thickness). Such domain-organization is likely considering the optimal 223 thermodynamic configuration that suggests segregation of LPS with similar polysaccharide chain 224 lengths. The same information is provided by the delta-maps (figures 5C and 5G). 225
One hour after injection of 0.1 µM N-L, the BAM-images and delta-maps do not show any 226 significant change of the heterogeneity as compared to the initial LPS monolayer (figures 5B and 227 5D), despite a slight increase of the background Δ-value in the delta-map ( figure 5D ). On the 228 contrary, after injection of DH-L, an unequivocal change of the LPS monolayer organization is 229 observed in both BAM-images and delta-maps (figures 5F and 5H). Especially, the small high Δ-230 domains make place for bigger ones, and the background Δ-value increases (figure 5H). Topographical information shown in the AFM images is representative for the whole sample. 252
However, the size and shape of the different domains is irregular and heterogeneously distributed 253 over the sample, making it impossible to quantify the effect of lysozyme on the domain size and 254
shape. 255
DISCUSSION 256
Native lysozyme (N-L) has been shown active against Gram-negative bacteria such as E. 257 coli. [11, 27] Membrane permeabilization has been suggested as one of the mechanisms 258 responsible for this activity. [8, 28] This assumption was recently confirmed by our group who 259 demonstrated that N-L causes the formation of pores and ion channels in the outer and 260 cytoplasmic membranes, respectively. [9, 11] Pore formation due to N-L implies that interactions 261 occur between the protein and the E. coli outer membrane. Nevertheless, the mode of insertion of 262 lysozyme into the outer membrane remains unknown. 263
Moreover, dry-heated lysozyme (DH-L) has a higher antimicrobial activity and higher 264 membrane disruption potential than N-L. [11] This improved activity is supposed to be related to 265 the modified physico-chemical properties of DH-L. DH-L is more hydrophobic, flexible and 266 surface active than N-L, but its secondary and tertiary structures remain intact. [29, 30] It is thus 267 relevant to compare the interaction of native and dry-heated lysozymes with LPS, the lipid 268 components of the outer leaflet of the outer membrane of Gram negative bacteria. 269
Interfacial monolayers are considered as good models to study interactions between 270 antimicrobial peptides and bacterial membranes. [18, 19] In the presently reported study, a LPS 271 monolayer was used to mimic the outer leaflet of the E. coli K12 outer membrane, in order to 272 explore the first step of lysozyme interaction with bacterial membrane. It is noticeable that wild-273 type LPS was here used for the first time to investigate protein-LPS interactions at a macroscopic 274 and mesoscopic level, using biophysical tools such as tensiometry, ellipsometry, AFM and 275 BAM. 276 (table 2) . [32, 33] The larger molecular size and higher rigidity of lysozyme, [34] as 287 compared to peptides, could be responsible for the lower efficiency of the protein. minnesota Re LPS and lysozyme in solution. [ 
36] 318
Actually, while N-L adsorption is proceeding for 3 h (figure 4B), the surface pressure of the 319 lipid monolayer is decreasing ( figure 4A ). This could be due to a destabilization and partial 320 solubilization of the lipid monolayer as has been previously described for with the antimicrobial 321 peptide protegrin-1 at a lipid A monolayer [37] Undoubtedly, N-L is thus able to insert deeply in the interface, up to the hydrophobic zone of the 333 LPS monolayer. A hypothesis can be the effect of steric hindrance of the polysaccharides which 334 prevents total coverage of the interface by the lipid headgroups, thus leaving free space for 335 lysozyme insertion. Moreover, the polysaccharide chains can also cause simultaneously partial 336 shielding of the negative charges on the headgroups and therefore prevent the entrapment of the 337 positive lysozyme molecules at the level of these negative charges as is the case for KLA lipids. 338
The decreased interaction of the negative charges with positive lysozyme could enable insertion 339 of the protein between the LPS headgroups. At last, lysozyme and the polysaccharides moieties 340 could interact and create compact zones as LPS/lysozyme domains and complexes ( figure 6 ) 341 resulting in lesser density in other areas enabling the remaining free lysozyme to attain the 342 interface. Such strong hydrophobic interactions have already been reported between LPS and 343 lysozyme in solution, [39] and LPS/lysozyme complexes have been observed. [36, 40] 
N-L interaction with LPS causes a slight reorganization of the LPS monolayer. 346
At the same time as the surface pressure increases when N-L is injected under a LPS 347 monolayer, a strong increase of the ellipsometric angle Δ (+7°, figure 2B ) is observed, which is 348 higher than the ellipsometric angle increase for protein/phospholipid monolayers. DH-L insertion into the LPS monolayer is more efficient than N-L at concentrations higher 372 than 0.05 µM ( figure 1A ). This could be due to the higher flexibility of DH-L as compared to N-373 L, [29] which could allow more DH-L molecules to insert into the LPS monolayer, and/or to 374 restructure more efficiently the interface. The increased insertion capacity of DH-L is consistent 375 22 with its slight increased interfacial behavior (π final , table 1). Especially, it is noticeable that the 376 surface pressure increase induced by DH-L insertion into the LPS-monolayer is similar to that 377 measured with an antimicrobial peptide, i.e. temporin L, in equivalent conditions (table 2) 
CONCLUSIONS 389
The presently reported study demonstrates the strong interaction between N-L and a LPS 390 monolayer, usually considered as a relevant model of the outer membrane of Gram-negative 391 bacteria. Even more, N-L is able to insert leading to a lateral reorganization of the LPS 392 monolayer, which can explain pore formation into the E. coli outer membrane, previously 393 observed in vivo. [11] An original and unexpected result is that lysozyme insertion between the 394 lipid A of LPS monolayers requires the presence of the polysaccharide moieties. This reveals 395 specific interactions between lysozyme and the polysaccharide moieties leading to better 396 insertion and decreased electrostatic attraction. Further experiments are needed in order to settle 397 between the different hypotheses that could explain this finding. 398
Moreover, dry-heating modifies lysozyme properties in such a way that its affinity for LPS, its 399 insertion capacity, and its ability for LPS monolayer reorganization are emphasized. These 400 results are thus consistent with in vivo experiments that demonstrated larger and/or more 401 numerous pores induced by DH-L into the E. coli outer membrane, as compared to N-L. [ 
11] 402
The interaction of N-L and DH-L with the outer membrane lipids is now well established and 403 consistent with the pore formation previously demonstrated in vivo. Self-uptake mechanism is 404 then imaginable meaning that lysozyme molecules involved in pore formation and stabilization 405 could enable the entrance of free lysozyme in the bacterial cell. Then, it is relevant to further 406 study the interaction of lysozyme with the cytoplasmic membrane, the final hurdle before access 407 to the cytoplasm. The findings resulting from this study are currently analyzed and will soon be 408 
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